Living anionic polymerization of perfluoroalkyl methacrylates initiated by 1,1-diphenylhexyllithium was conducted without adding lithium chloride in an integrated flow microreactor system. The high degree of polydispersity index (PID) control was achieved at 0°C (2-(nonafluorobutyl)ethyl and 2-(tridecafluorohexyl)ethyl methacrylates) or −40°C (2,2,2-trifluoroethyl methacrylate). The subsequent reaction of a reactive polymer chain end with alkyl methacrylates or tert-butyl acrylate led to the formation of fluorine-containing block copolymers with narrow PDI.
Introduction
Fluorine-containing polymers have attracted a great deal of attention because of their unique characteristics, namely, low surface energy, oil and water repellence, low refractive index, and high chemical and thermal stability [1] . Such polymers can be utilized for various applications such as electronics, biomaterials, optical devices, and coatings [2] . Although radical polymerization of fluorine-containing vinyl monomers has been studied mainly [3] , the anionic polymerization should be one of the key technologies to obtain the fluorine-containing polymers because fluorine and perfluoroalkyl substituents reduce the electron density of the carbon-carbon double bond of vinyl monomers.
Living anionic polymerizations have received significant attention since Michael Szwarc's first report in 1956 [4] . Anionic polymerization serves as a powerful method for macromolecular engineering and synthesis of highly defined block copolymers, star polymers, and polymers with more complex architectures, because anionic polymer ends are living even in the absence of a capping agent. In fact, the anionic growing polymer ends, usually organolithium species, can be utilized for end-functionalization with various electrophiles and block copolymerization with subsequently added monomers. However, anionic polymerization in polar solvents using a conventional batch macroreactor has a major drawback; requirement of extremely low reaction temperatures such as −78°C. For example, in the polymerization of alkyl methacrylates in polar solvents at higher temperatures, inherent side reactions such as the nucleophilic attack of the initiator and/or the propagating enolate anion on the ester carbonyl groups causes decomposition of the living polymer end. Therefore, applications of anionic polymerization in industry have been limited in spite of its potential usefulness.
Recently, it has been shown that flash chemistry [5] using flow microreactors [6] [7] [8] enables anionic polymerization of styrenes and alkyl methacrylates and tert-butyl acrylate at easily accessible temperatures (from −30°C to room temperature) with keeping good controllability of molecular weight and polydispersity index (PDI) by virtue of fast mixing, fast heat transfer, and precise residence time control [9] [10] [11] [12] [13] .
Perfluoroalkyl methacrylates seem to be suitable monomers for anionic polymerization because of large electron-withdrawing inductive effect of perfluoroalkoxycarbonyl groups [14] . In fact, the e-values of perfluoroalkyl methacrylates are larger than alkyl methacrylates, although perfluoroalkyl substituents are linked at the position remote from the vinyl group. For example, the e-value of 2,2,2-trifluoroethyl methacrylate (e=0.98) is much larger than that of ethyl methacrylate (e=0.44) [15] . However, it is well known that anionic polymerization of perfluoroalkyl methacrylates is more problematic compared with that of alkyl methacrylates in terms of the polymer yield, molecular weight, and PDI because of inherent side reactions such as the nucleophilic attack of the initiator and/or the propagating enolate anion on the ester carbonyl group [14] . Narita et al. reported anionic polymerization of perfluoroalkyl methacrylates using various initiators, namely, zincate complexes, Grignard reagents, and organolithiums, but the yields of the polymers were far from quantitative and the livingness of the polymerization was ambiguous [16] . Recently, Nakahama and Hirao reported that anionic polymerization of perfluoroalkyl methacrylates initiated by 1,1-diphenyl-3-methylpentyllithium was successfully carried out to obtain the polymers in quantitative yields, but very low temperatures such as −78°C and the use of four equivalents of lithium chloride to prevent side reactions were required [17] .
Here, we report that flow microreactors can serve as effective tools for the anionic polymerization of perfluoroalkyl methacrylates. The polymers were obtained with narrow PDI under easily accessible temperatures without using lithium chloride which might cause polymer product contamination. Furthermore, structurally well-defined block copolymers containing poly(perfluoroalkyl methacrylate) segment were synthesized because of the livingness of the polymer chain end by virtue of high-resolution reaction time control [18] in an integrated flow microreactor.
Results and Discussion
We first examined the anionic polymerization of 2-(nonafluorobutyl)ethyl methacrylate in the absence of lithium chloride (LiCl) using a flow microreactor system composed of two T-shaped micromixers (M1 and M2) and two microtube reactors (R1 and R2) (Figure 1 ). The inner diameter of M1 and M2 was 250 μm.
A solution of 1,1-diphenylhexyllithium in tetrahydrofuran (THF)-hexane (98:2 v/v, 0.050 M) and a solution of 2-(nonafluorobutyl)ethyl methacrylate in THF (0.25 M) were mixed at M1, and the resulting solution was introduced to R1, where the polymerization took place. The solution was passed through M2 and R2, where the polymerization was quenched by adding a solution of alcohol in THF. The polymerization was carried out with varying the temperature (T: 20, 0, −20, −30, and −40°C), and the residence time in R1 (t R1 ). As shown in Table 1 , the polymerization of 2-(nonafluorobutyl)ethyl methacrylate could be carried out at 20°C (entries 1-7), although the reaction in a macro batch reactor should be performed at −78°C. It is also noteworthy that the polymer was obtained with good PDI control even in the absence of LiCl (entries 1-35). Higher temperatures led to the formation of the polymers of higher M n presumably because of side reactions such as the attack of organolithium intermediates on the carbonyl groups. Extremely fast heat transfer of the flow microreactor system seems to be responsible for preventing decomposition of the reactive carbanionic polymer chain end. The M n is plotted against the conversion in Figure 2a , and the obtained lines for different temperatures are almost the same with the theoretically expected line. Plots of ln(M/M 0 ) against residence time in R1 display a nice correlation with the temperature (Figure 2b) . Therefore, the reactive carbanionic polymer chain end is really living during the polymerization. Polymerization reactions of other perfluoroalkyl methacrylates were also examined using the flow microreactor system. Thus, 2-(tridecafluorohexyl)ethyl methacrylate and 2,2,2-trifluoroethyl methacrylate underwent the polymerization in a highly controlled manner to give the polymers of narrow PDI at 20 or −40°C (entries 36-50). These results indicate that the use of flow microreactor systems opens a new possibility of living anionic polymerization of perfluoroalkyl methacrylates.
Livingness of the reactive carbanionic polymer chain end is important for synthesis of end functionalized polymers and block copolymers. Thus, the following experiments were carried out to verify the living nature of the polymer chain end using flow microreactor systems consisting of two micromixers (M1 and M2) and three microtube reactors (R1, R2, and R3) as shown in Figure 3 . A solution of 1,1-diphenylhexyllithium in Table 1 . Anionic polymerization of perfluoroalkyl methacrylates initiated by 1,1-diphenylhexyllithium using flow microreactors : 0.27, 0.47, 0.98, 2.0, 3.9, 7.9 and 16 s) are profiled in Figure 4 .
In Figure 4a , the conversion for the first polymerization of 2-(nonafluorobutyl)ethyl methacrylate is plotted against the temperature (T) and the residence time in R1 (t R1 ). In the low temperature (T)-short residence time (t R1 ) region, 2-(nonafluorobutyl)ethyl methacrylate remained unchanged to some extent because polymerization is rather slow at low temperatures. In Figure 4b , the PDI of polymer thus obtained by sequential anionic polymerization of 2-(nonafluorobutyl)ethyl methacrylate is plotted against T and t
R1
. The increase in T and t R1 resulted in an increase in the M w /M n ( Figure 4b ) presumably because of decomposition of the reactive polymer chain end. However, narrow PDI (M w /M n <1.2) with quantitative conversion in the first polymerization of 2-(nonafluorobutyl)ethyl methacrylate (>95 %) was obtained with the appropriate residence time and temperature shown in Figure 4c . It is important to note that the sequential polymerization can be successfully carried out without significant decomposition of the living polymer end even in the absence of LiCl.
Based on the livingness of the polymer chain end, we synthesized structurally defined block copolymers of 2-(nonafluorobutyl)ethyl methacrylate (NFBEMA) and other alkyl (meth) acrylates such as tert-butyl methacrylate ( t BuMA), methyl methacrylate (MMA) and tert-butyl acrylate ( t BuA) using the flow microreactor. Based on the temperature-residence time map shown in Figure 4c , we carried out the first polymerization of 2-(nonafluorobutyl)ethyl methacrylate in R1 with the residence time of 7.9 s at −40°C. Then, a solution of a second (Figure 5 ), indicating that the present method serves as an effective method for the synthesis of block copolymer involving poly(2-(nonafluorobutyl)ethyl methacrylate).
Next, we examined the sequential polymerization of 2-(nonafluorobutyl)ethyl methacrylate, tert-butyl methacrylate, and 2-(nonafluorobutyl)ethyl methacrylate to make the corresponding ABA type block copolymer using an integrated flow microreactor composed of three T-shaped micromixers (M1, M2, and M3) and three microtube reactors (R1, R2, and R3) shown in Figure 6a . Solutions of 2-(nonafluorobutyl)ethyl methacrylate (0.25 M in hexane, 4.5 mL/min, 15 equiv. based on 1,1-diphenylhexyllithium) and 1,1-diphenylhexyllithium (0.050 M in THF-hexane (98:2 v/v), 1.5 mL/min) were introduced to micromixer M1 using syringe pumps, and the mixture was introduced into microtube reactor R1, in which the first polymerization took place. In the next stage, a solution of tert-butyl methacrylate (0.50 M in THF, 4.5 mL/min, 30 equiv. based on 1,1-diphenylhexyllithium) was passed through micromixer M2 and microtube reactor R2 where the second polymerization took place. In the third stage, a solution of 2-(nonafluorobutyl)ethyl methacrylate (0.25 M in THF, 7.5 mL/min, 25 equiv. based on 1,1-diphenylhexyllithium) was introduced to micromixer M3. The reaction mixture was introduced to microtube reactor R3, where the third polymerization took place. After the resulting solution was introduced to a solution of methanol in THF (0.33 M) to quench the polymerization, the polymer was analyzed by gel permeation chromatography (GPC). For nuclear magnetic resonance (NMR) analysis, the polymer was further purified by preparative GPC. The copolymerization took place with good control of the PDI (M w /M n =1.10) (Figure 6b ). The molecular weight of the triblock copolymer (M n =16,000) was higher than that of the polymer obtained without adding the third monomer (M n =13,000) and the polymer obtained without adding the second and third monomers (M n =5500). Poly(2-(nonafluorobutyl)ethyl methacrylate)-poly(tert-butyl methacrylate)-poly(2-(nonafluorobutyl) ethyl methacrylate) triblock copolymer could be synthesized with good control of the PDI.
Conclusion
In conclusion, we have developed an efficient method for anionic block copolymerization of perfluoroalkyl methacrylate and alkyl (meth)acrylates based on the concept of flash chemistry using integrated flow microreactor systems. The present method opens possibilities of making various fluorine-containing block copolymers. 
